Abstract. Mesoporous calcium silicate (MCS) was synthesized by template method using calcium nitrate tetrahydrate and sodium metasilicate nonahydrate as raw materials, cetyl trimethyl ammonium bromide-tetramethyl ammonium hydroxide as template. Its structure was characterized by X-ray diffraction (XRD), Fourier transform infrared spectroscopy (FT-IR), Brunuaer-Emmett-Teller (BET) surface analysis, and scanning electron microscopy (SEM 
Introduction
Nowadays, the excessive and uncontrolled discharge of heavy metal ions becomes a major problem [1] . Lead is a heavy metal with nerve toxicity. It is easily to enter and accumulate in human body through the respiratory tract and the digestive tract, and then cause great harm to the person's central nervous system, digestive system, especially in liver and kidney [2] . The rapid development of modern industry leads to a large number of lead migrating into atmosphere, hydrosphere and biosphere, which has posed a serious threat to human health [3] . Therefore, it is urgent to develop cheap and efficient methods to treat lead pollution. Although the removal of heavy metal ions from wastewater can be performed using various technologies such as conventional chemical precipitation [4] , chelating-flocculation method [5] , ion exchange [6] , electrochemical method [7] , membrane filtration [8] , and so on, these methods have several disadvantageous features such as continuous replenishment of chemicals, expensive equipment requirement, time consuming and easy to produce secondary pollution. Considering the limitations of conventional methods for heavy metal ions removal, the most promising alternative method appears to be the optimal adsorption process because of its simple operation, high efficiency, and low costs [9] . However, the treatment effect mainly depends upon the performance of adsorbent. Numerous conventional adsorbents, such as activated carbons, molecular sieve, and porous polymers, show low adsorption efficiency and are difficult to prepare or modify, thus limiting their application in heavy metal wastewater treatment. Hence, there is a continuous need for developing new adsorption materials with high adsorption efficiency, easy preparation and low-cost, environmental friend and little secondary pollution. Due to mesoporous calcium silicate (MCS) high specific surface area, porosity and negative charge strength [10, 11] , its application of water treatment gains attention from the researchers gradually. But the application in the removal of heavy metal ions is still not much [12] .
In this study, mesoporous calcium silicate (MCS) was synthesized using nitrate calcium and sodium silicate as raw materials through the template synthesis method. The structures were also characterized by X-ray diffraction (XRD), scanning electron microscope (SEM), Brunauer-Emmett-Teller (BET) surface analysis, and Fourier transform infrared (FT-IR) spectroscopy. The materials' adsorption performance for Pb 2+ in the wastewater was then evaluated systematically. The adsorption thermodynamics characteristic was also explored. This study provided an excellent adsorption material for treating Pb 2+ -containing wastewater.
Experimental Reagents
Calcium nitrate tetrahydrate was purchased from Tianjin Fengchuan Chemical Reagent Technology Co., Ltd., whereas sodium metasilicate nonahydrate was purchased from Shantou Xilong Chemical Co., Ltd. Cetyl trimethyl ammonium bromide (CTMAB) and tetramethyl ammonium (TMAH) were purchased from Sinopharm Group Chemical Reagent Co., Ltd. Anhydrous ethanol were obtained from Tianjin Kermel Chemical Reagent Co. Ltd. C Lead nitrate enneahydrate, nitric acid and sodium hydroxide were purchased from Tianjin Damao Chemical Reagent Co., Ltd.. All these reagents were of analytical grade and used as purchased. Deionized water was used in the experiments. 17 .04 g of sodium metasilicate nonahydrate was dissolved in 40 mL of deionized water (in accordance with a molar ratio of calcium nitrate tetrahydrate and sodium metasilicate nonahydrate = 1:1) was slowly dripped into the above-mentioned mixture. With the addition of sodium metasilicate nonahydrate, a white glue gradually formed. After reacting for 5 h, the reaction mixture was aged for 24 h at room temperature. Then, the mixture was washed with deionized water and extracted for 24 h with anhydrous ethanol to remove the template agent. The products (MCS) were then placed in a DZF-3 type vacuum dryer to dry to a constant weight under 60 °C.
Synthesis of MCS

Adsorption Experiments
To evaluate the adsorption performance of MCS for Pb 2+ , simulated Pb 2+ wastewater samples containing 25, 50, 75, 100, 125, and 150 mg·L −1 Pb 2+ were initially used as test samples. Initially, 50 mL of the above solutions were added to a series of 250 mL conical flasks, respectively. Then, 10 mg of MCS was added individually to the flasks, which were placed in a KYC-111-type thermostatic water bath shaker at 200 r·min −1 for 10 h at 293 K. The conical flasks were then obtained from the shaker, and the supernatant solution was separated from the adsorbent by centrifuging for 30 min after standing for 10 min in an Eppendorf 5430 centrifuge. The residual Pb and m (g) is the adsorbent mass.
The adsorption experiments at 303, 313 and 323 K were carried out according to the same procedure as above. The adsorption isotherms at different temperatures were obtained by plotting the equilibrium adsorption amount for Pb 2+ (q e ) against the equilibrium concentration of Pb 2+ in solution (c e ) in accordance with the variation of Pb 2+ concentration at pre-and post-adsorption. The relationship between an adsorbent and adsorbate is described by adsorption isotherms, and the isothermal adsorption data usually employ the Langmuir model (Eq. 2), Freundlich model (Eq. 3), and Redlich-Peterson model (Eq. 4) [13] . In this work, the three models were employed to fit the adsorption experimental data and obtain the thermodynamic parameters. The adsorption process is further discussed. 
where q e is the amount of adsorbed Pb 2+ per weight unit of MCS at equilibrium (mg·g −1 ); b is a constant related to the affinity of the binding sites (L·mg −1 ); Q is the maximum amount of Pb 2+ per weight unit of MCS (mg·g −1 ); c e is the concentration of Pb 2+ in solution at equilibrium (mg·L −1 ); K F is the Freundlich constant; n is a constant, usually above 1; and K R-P , α , and β are the Redlich-Peterson constants, where β lies between 0 and 1.
The logarithmic function lnK d of the distribution coefficient K d (described by Eq. 5) was then plotted against the reciprocal of temperature 1/T. By linear fitting, the enthalpy change △ H and entropy change △ S of the adsorption process were obtained from the linear slope and intercept, respectively (Eq. 6). Then, the Gibbs free energy of △ G was calculated through Eq. 7 and indicated the adsorption reaction type and reaction degree [14] .
where x and y are the masses (mg) of Pb 2+ adsorbed and in solution, respectively; m is the mass of the adsorbent in g; and ν is the volume of the solution in mL. Therefore, x/m and y/ν are the solid-phase concentration q e (mg·g −1 ) and the equilibrium concentration in solution c e (mg·L −1 ) at equilibrium, respectively.
Analytical Method
XRD patterns were obtained with a D8 advance type X-ray diffractometer (Bruker Co., Germany) and were used to identify the phase structures of the samples. FT-IR spectroscopy was then performed by the KBr pellet method on a Spectrum One (B) FT-IR spectrophotometer (Perkin Elmer Co., America) between 400 and 4000 cm −1 . The N 2 adsorption-desorption isotherms were determined by a specific surface area and pore volume analyzer (BEL SORP II, BELSOKP, Japan) at 77 K, and a specific surface area was then calculated on the basis of the BET method. The morphologies of samples were tested by S-4800 field emission SEM (Hitachi Co., Japan), and the Pb 2+ concentration was measured using an A-Analyst 300 atomic absorption spectrometer (Perkin Elmer Co., America).
Results and Discussion
Characterization of the Synthesized Samples
Figs. 1-4 give XRD patterns, infrared spectrum, SEM images, nitrogen adsorption-desorption isotherms, and pore size distribution curves of the synthetic products. In Figure 1 , the strong diffraction peaks are present at 2 theta=29.5°. Compared with the standard JCPDS card, the calcium silicate contained CaSi 2 O 5 (PDF# 51-0092), Ca 2 SiO 4 ·H 2 O (PDF# 29-0373), and Ca 2 SiO 4 phases (PDF# 49-1672). The diffraction peaks elsewhere are diffuse, which signify the low crystallinity of the sample.
As shown in Figure 2 , the absorption peaks were assigned as follows [15, 16] : the peaks at 3443.63 cm −1 correspond to the water molecules and the asymmetric stretching vibration of surface -OH; meanwhile, the peaks around 1644.41 cm −1 refer to the bending vibration of the water molecules adsorbed and the surface -OH and indicate the abundant presence of reactive group -OH on the surface of the synthetic samples; the peaks at 971.17 cm −1 represent the stretching vibrations of Si-OH and belong to the SiO 4 tetrahedron's characteristic peak; the peaks at about 667.27 and 451.43 cm −1 correspond to the stretching vibrations of Si-O-Si. The characteristic absorption peak assigned to SiO 3 2− emerged at about 1448.83 cm −1 . The infrared spectrum further confirmed that calcium silicate was synthesized successfully. As shown in Figure 3 , the synthetic calcium silicate was composed of many uniform thin flakes with slit-pore accumulation, and exhibited a similar tremella shape. The nitrogen adsorption-desorption isotherms (Figure 4 ) of the synthetic calcium silicates belong to the V category of nitrogen adsorption stripping curves for perforated materials set by IUPAC. This curve exhibited a H3 type hysteresis loop, and the pore canal formed by accumulating flakes into slit shape channels. The specific surface area is 131.22 m 2 ·g -1 according to BET method. As shown by the pore size distribution in Figure 4 , the pore size of the synthetic sample was distributed in the range of 8-60 nm (mainly at 25 nm), and the pore size (D BJH ) was calculated to be 20 nm according to Barrett-Joyner-Halenda method. The results indicated that the calcium silicates synthesized not only acquired large specific surface areas and but also uniform particles and a neat appearance. All of these attributes contribute to the efficient adsorption of heavy-metal ions. Figure 5 displays the adsorption isothermal curves of MCS for Pb 2+ . The adsorbent dosage was 10 mg, the contact time was 10 h, and the Pb 2+ solution pH was not adjusted. Figure 6 shows the relationship curve between the logarithm ln K d of the Pb 2+ distribution coefficient K d at adsorption equilibrium and the reciprocal of temperature (1/T). The adsorption amount of Pb 2+ increased rapidly with solution concentration when the Pb 2+ solution concentration was less than 100 mg·L −1 (fourth experimental point) at the same temperature. Beyond 100 mg·L −1 , and the adsorption amount increased only slightly even with continuously increasing Pb 2+ solution concentration. The adsorption isotherm of MCS for Pb 2+ also rose with temperature elevation, indicating that the adsorption amount increases with temperature. This effect proves that increasing the adsorption temperature would increase the adsorption of Pb 2+ , and that the adsorption was an endothermic reaction. However, the increased amplitude of the adsorption amount from 313 K to 323 K was obviously lower than those of the temperatures below 313 K. This reflected also in Figure 6 that the correlation coefficient of the fitted line for the former three temperature points (dotted line) was higher than that for the four temperature points (solid line). The decreased rise in amplitude at high temperature (323 K) was achieved potentially because the adsorption was not merely a simple chemical adsorption process, but also included physical adsorption. The physical adsorption amount decreased, whereas the chemical adsorption amount increased, with temperature rise. Furthermore, the increase in adsorption amount by chemical adsorption dominated at lower temperatures, whereas the decreased adsorption amount by physical adsorption was more apparent at high temperatures. At the high temperature of 323 K, the decrement caused by physical adsorption was larger than the increment from chemical adsorption. Hence, amplitude increase of the adsorption amount decreased obviously at high temperatures.
Adsorption Isothermal Curves and Adsorption Thermodynamic Characteristics
The data in Figure 5 were then fitted by the Langmuir, Freundlich, and Redlich-Peterson models, and the results are shown in Table 1 . The correlation coefficient fitted by the Redlich-Peterson model was highest, followed by the Langmuir model, and then by the Freundlich model. Both the Redlich-Peterson and Langmuir models can fit the experimental data well. However, the Redlich-Peterson model was more accurate because the Redlich-Peterson model combined the success of the Langmuir and Freundlich models and was not bound by the ideal monolayer assumption of the Langmuir model [15] . As such, the Redlich-Peterson model was more suitable in describing the uneven surfaces of physical and chemical adsorption. Under the Langmuir adsorption model, the maximum adsorption capacity of MCS for Pb 2+ was 437.94 mg·g −1 at 293 K. This value was far higher than those of common adsorbents reported in literatures [17] [18] [19] [20] . Given the intercept and slope of the fitted line in Figure 6 , the adsorption thermodynamic parameters, such as ∆S, ∆H, and ∆G were calculated in accordance with Eqs. 6 and 7 ( Table 2) . The ∆H and ∆S of the adsorption process of MCS for Pb 2+ were above zero, and ∆G were less than zero ( Table 2) . Hence, the adsorption process was a spontaneous endothermic process with entropy increase. This finding was attained because apart from the high specific surface area and abundant pore canals, abundant active groups, such as -OH and -O-were present on the surface of MCS [11, 21, 22] . Therefore, the process needed to absorb a certain energy to overcome the activation energy and exhibited the heat absorption phenomenon. The chemical adsorption contributed only partly to the adsorption; thus, the heat absorption amount was not large. The increase in adsorption entropy of MCS for Pb 2+ may be due to the Pb 2+ ions in the aqueous solution are solvated, and the adsorbents may have adsorbed a certain amount of solvent molecules in the preparation process. When the Pb 2+ ions adsorbed onto the MCS surface, the Pb 2+ ions were constrained to the surface, and the entropy of the adsorption process decreased. Meanwhile, the solvent molecules that were adsorbed onto the adsorbent surface and the solvent layer were partly released from the MCS surface and the solvent layer of Pb 2+ and lead to entropy increase. Furthermore, the entropy decrement from Pb 2+ constrained to the surface of MCS is lower than the entropy increment from the release of solvent molecules and hence increased the entropy. 
Conclusion
(1) MCS was successfully synthesized using calcium nitrate and sodium silicate as raw materials through the template method. The pore was a slit-pore measuring 6-80 nm in size (mainly at 25 nm). The specific surface area and pore size (D BJH ) of MCS were 131.22 m 2 ·g −1 and 20 nm, respectively. (2) MCS exhibited a good adsorption efficiency for Pb 2+ ; the adsorption capacity of Pb 2+ reached up to 437.94 mg·g −1 at 293 K, which was far higher than those of the adsorbents reported in literature. The experimental data agreed with the Langmuir model and more closely with the Redlich-Peterson model. The adsorption was a spontaneous endothermic process with entropy increase involving physical and chemical modes. Therefore, MCS exhibited an excellent adsorption performance and is an outstanding adsorption material for Pb .
